The commercial and clinical development of cellular therapy products will invariably require cryopreservation and frozen storage of cellular starting materials, intermediates and/or final product. Optimising cryopreservation is as important as optimisation of the cell culture process in obtaining maximum yield and a consistent end-product. Suboptimal cryopreservation can lead not only to batch-to-batch variation, lowered cellular functionality and reduced cell yield, but also to the potential selection of subpopulations with genetic or epigenetic characteristics divergent from the original cell line. Regulatory requirements also impact on cryopreservation as these will require a robust and reproducible approach to the freezing, storage and thawing of the product. This requires attention to all aspects of the application of low temperatures: from the choice of freezing container and cryoprotectant, the cooling rate employed and its mode of delivery, the correct handling of the frozen material during storage and transportation, to the eventual thawing of the product by the end-user. Each of these influences all of the others to a greater or lesser extent and none should be ignored. This paper seeks to provide practical insights and alternative solutions to the technical challenges faced during cryopreservation of cells for use in cellular therapies.
Introduction
Regenerative medicine has been defined as the replacement or regeneration of human cells, tissue or organs to restore or establish normal function [1] . It encompasses a wide range of therapeutic modalities from organ and tissue transplantation to sophisticated tissue-engineered scaffolds and cellular therapies, as well as more traditional treatments involving pharmaceuticals, biologics, and devices [2] . It includes hospital-produced biologics such as autologous bone marrow and peripheral blood stem cells (PBSCs), as well as allogeneic tissue products such as cord blood (CB), heart valves and split-thickness skin produced by public/private tissue banks. More recently, the field has expanded to include a range of new cellular therapies based on adult, embryonic (hESC) and induced pluripotent stem cells (iPSC), as well as somatic cells, with the emphasis beginning to shift towards involvement of commercial biopharma, often in collaboration with academic and clinical partners.
In contrast to traditional haematopoietic stem cell therapies, the newly emerging cellular therapies are a divergent class of products which in addition to being classified by cell type, can also be classified by therapeutic indication, administration status (autologous or allogeneic), level of manipulation involved in their production as well as by their underlying technology [3] . From a regulatory perspective, within the European Union (EU), these newly emerging cell therapies are referred to as advanced therapy medicinal products [4] which are further subdivided on a technological basis into somatic cell, gene therapy and tissue-engineered products. In the USA, cellular therapy products include immunotherapies, cancer vaccines and other types of autologous and allogeneic cell therapies including those utilising haematopoietic, adult and embryonic stem cells [5] .
To date, few cellular therapy products have emerged on the market. At the end of 2015, there were 38 licensed cellular therapy products in Canada, the EU, Japan, Korea, and the USA [6] . More recent figures for the EU indicate that market authorisations have been given for a total of 10 advanced therapy medicinal products [7] with the USA having approved 16 cellular and gene therapy products as of December 2018 [8] . Notwithstanding, there are currently numerous clinical trials in various stages of progress: the clinical trials database listing 93 studies for mesenchymal stem cells (MSCs) and 40 involving hESCs and iPSCs for a wide variety of therapeutic applications [9, 10] , while the potential of the cellular therapy field has led to it being recognised as the fourth therapeutic pillar of global healthcare [11] .
The application of any therapy to humans requires that it be manufactured and distributed within a regulatory framework to ensure safety and efficacy. This framework not only includes the manufacturing process but also upstream events such as procurement of starting materials and the downstream storage and distribution of the product. In the case of cellular therapies, the need to store cellular material, or conserve particular cellular attributes, at sometimes multiple points in the manufacturing process necessitates the introduction of a cryopreservation step. In a recent study by the Food and Drug Administration (FDA), over 80% of MSC submissions were found to use cryopreservation as part of the manufacturing process to store and deliver their product [12] .
Cryopreservation provides a substantial number of benefits: it obviates the need to maintain cells in longterm culture, with its attendant problems of epigenetic change and genetic drift; it allows desired cell phenotypes to be maintained through the storage of master and working cell banks; it permits quarantining of donor cells and final product to allow extended microbiological testing while, from a commercial perspective, it provides the product with a shelf life and simplifies logistical problems associated with transporting cells within or between facilities. Therapeutically, it permits multiple treatments from the same batch of cells and flexibility in timing of treatment for the patient.
During manufacture, the cryopreservation process both sometimes precedes, and usually follows, cell culture and expansion and is an integral part of the banking process. The final product itself, if frozen, will need to be stored, transported at an appropriate sub-zero temperature and eventually thawed before administering to the patient. As such, the efficacy and stability of the final product is as dependent on these processes as it is on the rest of the manufacturing process. Nevertheless, though a key component, cryopreservation often takes a back seat to other areas of bioprocessing when it comes to optimisation and control. This lack of attention to a key manufacturing process has been identified as a potential bottleneck in the future development of complex cellular therapy products [13, 14] . A thorough understanding of the cryopreservation process, including low temperature storage, is therefore vital for successful commercial manufacture of cellular therapies.
However, the diversity of cellular therapies and the wide variety of cellular starting materials makes it unlikely that a universal cryopreservation process is achievable. This makes it all the more important that fundamental cryobiological principles are understood and applied correctly. Comprehensive reviews of the principles of cryobiology and the biological response of cells to the application of sub-zero temperatures are beyond the scope of this paper and can be found elsewhere [15] [16] [17] . The purpose of this paper is to identify technical challenges common to all cryopreservation processes regardless of the cell or tissue type used and the format in which the cellular therapy is delivered.
Cryopreservation
Cryopreservation is the application of low temperatures to preserve the structural and functional integrity of cells and tissues during which the aqueous phase typically undergoes a phase change to form ice. Once frozen, cells and tissue can be stored in a stable state provided that the sub-zero temperature attained is low enough: typically, at or near the temperature of liquid nitrogen (-196 ° C). Alternatively, preservation may be achieved by vitrification which is the solidification of an aqueous system without crystallisation and the growth of ice [18] . During cryopreservation, significant cell survival and maintenance of structural integrity can only be achieved by using compounds collectively known as cryoprotective agents (CPAs). In low concentration, CPAs mitigate the damage caused by slow cooling, where extracellular ice formation during freezing causes a substantial increase in the concentration of damaging solutes. Used in high concentration, or in combination, they help promote vitrification at low, realistically achievable, cooling rates.
Unfortunately, not all cells and tissues respond equally to a given cryopreservation protocol. Differences in their physical and biological make-up, such as membrane permeability and surface to volume ratio, produce varying responses to the cryopreservation process leading to dif-DOI: 10.1159/000497289 ferences in viability on subsequent thawing. Furthermore, the metabolic and functional "health" of the cells entering the cryopreservation process will affect the outcome and the concept of "garbage in, garbage out" is as applicable to cryopreservation as it is to computer science.
It is necessary, therefore, not only to optimise the cell culture process but to optimise the cryopreservation protocol for the cell type(s) of interest rather than to adopt an off-the-shelf protocol which, whilst offering some post-thaw recovery, may nevertheless lead to a significant loss of viability and functionality. This loss can be as high as 60-70% with some reported stem cell cryopreservation protocols, depending on the assay used and the time of its application post-thaw [19] . Though suboptimal preservation may seem acceptable, given the ability of the cells to expand post-thaw, it may impose an undesirable selection pressure which is expressed during subsequent culture. Moreover, suboptimal cryopreservation has been shown to lead to chromosomal damage and epigenetic changes [20] , whilst the presence of apoptotic and necrotic cells in the final product prior to application to the patient may invoke an inflammatory response or induce an abnormal immunological reaction [21] . Whilst an empirical approach to optimising the cryopreservation protocol has generally been applied, in the context of a regulated cellular therapy this approach may not be desirable and a methodological or quality by design approach may be more appropriate [22, 23] .
Cryopreservation can be subdivided into a number of interrelated elements all of which need to be controlled and each of which poses its own technical challenges: All these need to be considered, both individually and collectively, for potential effects on the quality of the final product, as early in the product development cycle as possible. Moreover, within a regulatory environment, which will encompass the need for a robust quality management system, whatever choices are made will have to be risk assessed and the equipment, materials, and processes validated to demonstrate fitness for purpose.
Choice of Container System
There are a number of options for the frozen storage of cell therapy products, the choice of which will be dictated by a number of factors including the intended use of the cells, the cell density, and the volume required. In addition to sterility assurance, for products intended for human therapy, there will be additional regulatory requirements including absence of bioactive leachables and other particulates as well as closure integrity during storage [24] .
Cryovials
While the use of standard cryovials is routine practice, especially for research and development, these are unlikely to be appropriate for clinical or scaled-up processes and are not considered best practice as they represent a potential contamination hazard to stored cells [25] . Some cryovials are CE marked as IVDs (e.g., Nunc TM ). However, not all cryovials are provided sterile. If using cryovials, those with a sterility assurance level of 10 -6 according to ISO 1137 and/or gamma-irradiated should be used where sterility of the product is a consideration. While gasketed, internal-threaded vials are preferable to those with an external thread from the point of view of contamination during filling, neither offers a closed-system fill nor a hermetic seal during low-temperature storage: of significance if samples are stored under liquid nitrogen (LN 2 ). The use of heat shrink sleeving as an overwrap, especially if combined with gas phase LN 2 storage, may provide an additional level of protection though a hermetic seal is not guaranteed by the manufacturer and there are concerns that the heating process could damage the cells. An alternative method of application of the sleeving has been suggested, which was demonstrated to have no adverse effect on cell survival during application and prevented ingress of LN 2 during storage in the liquid phase [26] .
Traceability and sample tracking are of considerable importance within a regulatory framework and this applies to frozen-stored intermediates as well as the final product. Linear and 2-D bar-coded cryovials are available from a range of suppliers in bulk or in a variety of formats including SBS 48-vial format (e.g., Fluidx, www.brookslifesciences.com). More recently RFID tags compatible with LN 2 storage temperatures and capable of being retro-fitted to standard cryovials have been introduced (Cryogatt, www.cryogatt.com). Ultra-cold-resistant chips are being developed which, when fitted within individual cryovials, could store not only a detailed thermal history but also detailed batch information, test results, and other relevant quality documentation [14] .
Alternatives to the standard cryovial, which are more suitable for clinical applications, exist. CellSeal ® closedsystem cryogenic vials (www.cookregentec.com) provide a ported system which can be sealed using a standard RF sealer [27] and for which a semi-automated filling system has been developed. A heat-sealable cryotube has also been developed by CryoBioSystems (www.cryobiosystem.com) with the same isomeric resin used for their vit- rification straws. These tubes are CE-marked and classified as class II medical devices. A device for sealing the tubes is also available.
Closed-System Plastic Alternatives
Whilst automated systems for filling cryovials exist, these are more suited to smaller batch sizes in the 10-100 vial range. Container systems for large-scale production of small-dosage, therapeutic cells will require a different approach to both the container and the filling system. The use of closed-system plastic vials coupled with pharmaceutical fill technologies will allow the processing of large batches from several hundred to several thousand vials.
Daikyo Crystal Zenith ® clear, plastic pharmaceutical vials made from a cyclic olefin polymer (www.westpharma.com) have been used successfully for the cryopreservation of MSC frozen and stored at -196 ° C [28] . A unique system, developed by Aseptic Technologies (AT-Closed Vial ® , www.aseptictech.com), employs a thermoplastic, pre-closed, sterile, septum vial capable of being frozen to and stored at -196 ° C. Each vial is filled via a needle inserted though the thermoplastic septum which is then resealed using a laser. Both manual and automated fill systems are available making this a very versatile system [29] .
A commercially available, ported, gas-permeable cassette (CLINICELL ® , www.mabio.net) suitable for both cell culture and subsequent freezing and storage in the gas phase of LN 2 has been developed. It allows in situ freezing after substitution of the culture medium with CPA [30] .
Cryobags
Freezing large quantities of cells is a necessity for therapeutic cell banking. This will require either large volumes or reduced volumes of highly concentrated cells. Additionally, bioreactor systems often require seeding with high numbers of cells from working cell banks or starter cultures. Freezing bags, generally used for the cryopreservation of bone marrow and peripheral blood stem cells, have been used successfully to store frozen mammalian cell lines [31] . Closed-bag systems, which may obviate the need for expensive clean-room facilities, have also been developed for PBSCs. Here, long-term follow-up data indicates that the products are comparable with those produced in conventional cleanroom facilities [32] and the system has been accepted by EU regulatory authorities [33] . Recently, the use of frozen "seed bags" (Cell Freeze ® ; https://www.chartermedical.com) for the cryopreservation of the large-volume inocula required for bioreactors has been demonstrated [34] .
Until recently, the fill volumes available (of the order of 50-100 mL) have restricted the use of cryobags largely to cryopreservation of bone marrow and PBSCs. Though smaller bags have been available for cryopreservation of CB in specialist, combined controlled-rate freezing/storage systems (Thermogenesis BioArchive ® , www.cescatherapeutics.com/), bags with small fill volumes were unavailable. However, multiple-chamber cryobags with fill volumes of up to 6 mL per chamber have become available (Cryostore TM , www.origen.com), which should allow the use of cryobags as containers of choice in future cellular therapies. As with cryovials, overwrap bags are available to allow "double-bagging" of the primary container to reduce contamination risk and provide a sterile inner bag for direct-to-patient use.
Vitrification Straws and Dishes
Unless complex multiple CPAs are used in combinations which allow vitrification at slow cooling rates, there are limited container options available that will allow the ultra-rapid cooling rates necessary for vitrification. Generally, these are limited to open-ended vitrification straws, which pose significant contamination issues from nonsterile LN 2 . A straw-in-straw method for vitrification of mouse embryos and neurospheres has been successfully employed [35] and methods to cryopreserve ESCs in cryovials have been explored [36] . Recently, a novel cell culture dish (TWIST) suitable for plate-based vitrification of adherent cells has been developed [37] , with implications for the cryopreservation of cells in plate formats for a wide variety of screening applications.
Choice of CPA
CPAs protect cells predominantly from the damaging effects of freezing at slow cooling rates (i.e., those generally achievable using commercially available passive cooling devices [PCDs] and controlled-rate freezers [CRFs]). When added in sufficient concentration, they depress the freezing point of the solution, reducing the amount of ice formed at any given sub-zero temperature, thereby reducing the concentration of salts in the unfrozen fraction and mitigating solute damage. Other protective effects, including membrane stabilisation, have also been demonstrated [38] .
CPAs can be divided into two groups: small-molecular-weight penetrating CPAs (e.g., dimethyl sulphoxide [DMSO], glycerol, ethylene glycol, and propylene glycol) and high-molecular-weight non-penetrating agents (e.g., sucrose, polyvinylpyrrolidone, and hydroxyethyl starch).
The effectiveness of any given penetrating CPA will depend to a certain extent on the permeability of the cell type to it and any chemical toxicity that the cell may experience from it. The degree of protection afforded by the CPA will depend on a number of variables: concentration, temperature of exposure, length of exposure, the rate and concentration steps used in the addition and removal of the CPA, the carrier solution used for the CPA and any osmotic buffering used during its removal. All of these interact and need to be considered during optimisation of the cryopreservation process, as will the interaction of the CPA with other variables such as cooling and warming rate.
Osmotic Damage and Chemical Toxicity
Penetrating CPAs, like DMSO pass through the cell membrane more slowly than water. Exposure to a solution containing a permeating CPA will thus lead to a temporary osmotic imbalance as water moves out of the cell more rapidly than permeating CPA can move in. A similar osmotic transient will occur in reverse during the removal of the CPA as water moves into the cell faster than CPA moves out. These osmotic transients must be controlled to prevent cellular damage as cells shrink or swell beyond tolerated limits.
Though single-step addition of CPAs used at concentrations of < 2M is often considered safe, adding in sequentially increasing concentrations often provides improved survival [39] . On the other hand, unloading the CPA in a single step, such as centrifugation of the cells and replacement with a CPA-free solution, is likely to lead to damaging osmotic transients as the cells undergo unrestricted cell swelling in response to the osmotic imbalance. Two-step dilution of the CPA (or even multi-step elution protocols), or the use of an "osmotic buffer" such as sucrose or mannitol during unloading will help prevent damaging osmotic transients [38] .
Chemical toxicity is another potentially damaging factor that must be considered; both in the choice of CPA and in the concentration used [40] . While few toxic events have been linked to non-penetrating CPA, the ability of the penetrating CPAs to enter the cell, where they can interact with cellular processes, makes this class of compound more likely to demonstrate cellular toxicity. Additionally, the time allowed for equilibration and the temperature of exposure prior to freezing, as well as contact time post-thaw, will be contribute to this toxicity. Reducing the time and lowering the temperature during loading and unloading will help keep unwanted cytotoxic effects to a minimum.
Automated Filling Systems
Once exposed to the CPA, reducing the time taken before commencing the freezing process will help reduce unwanted cytotoxic effects. With medium to large batch sizes the time taken to manually aliquot the cell suspension into vials can be significant. Moreover, maintaining a low temperature within a cleanroom environment is often difficult. The only realistic alternative is to shorten exposure times by reducing the length of the aliquoting process. This has the added benefit of reducing the potential for contamination throughout the aseptic fill process.
Small, capper-decapper fillers are available such as the XSD-Biofill (www.brookslifesciences.com) and the Fill-It (www.sartorius-stedim-tap.com) both of which provide automated filling of SBS plates in a variety of formats. Both devices will fit within a class II microbiological safety cabinet, maintaining the air quality requirements for aseptic fill operations.
Dimethyl Sulphoxide
The most widely used CPA is undoubtedly DMSO. Alone, or in combination with other permeating and non-permeating CPAs, it is the CPA of choice in most research and biobanking situations. However, regardless of its effectiveness in preserving a wide variety of cells and tissues and its long therapeutic use, notably in PBSCs and CB cryopreservation, concerns have been raised in relation to its use for cellular therapy.
DMSO is known to have diverse effects on the differentiation potential of hESCs [41] and can affect epigenetic status and induce apoptosis in some cells [42, 43] . However, these effects are usually generated after exposure over many hours to days in culture at 37 ° C -conditions unlike those experienced during cryopreservation.
Clinical Exposure to DMSO
Clinically, allergic reactions, some severe and occasionally fatal, have been reported in patients infused directly with haematopoietic stem cells containing DMSO [44] . However, a recent prospective, multicentre surveillance study has suggested that factors unrelated to the CPA may be the cause of these reactions [45] . The debate surrounding the use of DMSO has led to a call for a proper assessment of the issues surrounding its use [14] .
Use of Serum and Serum Alternatives
Almost as popular as DMSO is its use with animal sera, notable foetal bovine serum (FBS). Used in concentrations as high as 90% or, in lower concentrations coupled with culture medium, it has been a staple in the cryopreservation of many banked cell lines. The use of FBS in the development of clinical therapies has been questioned on both microbiological and immunogenic grounds. However, it is currently still permitted as an excipient in the production of cellular therapy products despite widespread beliefs to the contrary [46] . Mendicino et al. [12] found that the majority of MSC-based regulatory submissions described the use of FBS somewhere in the production chain. Regulatory requirements for its use, including risk assessment, validated viral inactivation steps for bovine viruses, and sourcing from geographically approved prion-free herds have been published by both the EMA and FDA [47, 48] .
The development of serum-free and xeno-free culture media has been mirrored by the development of similar serum/xeno-free CPAs. Commercially available CPAs, which meet this animal serum-free criterion, have been available for some time. The proprietary nature of these commercial offerings makes a detailed risk assessment of the CPA and its components impossible. However, the FDA has allowed suppliers to submit confidential information on their CPA in the form of a drug master file (DMF). Use of a CPA with a DMF does not in itself represent regulatory approval, but it can be used in the submission of a cellular therapy for regulatory approval if cross-referenced in the application. Examples of commercially available CPAs, some with FDA DMFs, can be found in Table 1 .
The use of serum substitutes, in both commercial and in self-formulated CPAs, has long been the case. For many years, human albumin solution has been used as an excipient in the cryopreservation of PBSCs in DMSO. More recently, human platelet lysate has been used successfully as an excipient with DMSO in the cryopreservation of adipose-derived stem cells [49] . Examples of commercially available human platelet lysates can be found in Table 1 .
Use of "Intracellular-Type" Storage Solutions
An alternative to the media, serum, and serum substitutes used as vehicle solutions for the CPA are hypothermic storage solutions. Media and physiologic buffers (with/without serum) have often been used as vehicle solutions for CPAs. These "extracellular-type" solutions mimic the ionic composition of interstitial fluids at normothermic temperature. However, when temperatures are lowered below physiological temperatures, "extracellular-type" solutions no longer balance ionic changes or provide sufficient buffering capacity for the changed conditions. The use of "intracellular-type" solutions including Unisol, Eurocollins, and HypoThermosol (Table 1) have been shown to improve cryopreservation outcomes compared to the same CPAs in "extracellular-type" vehicle solutions [50, 51] .
Self-Formulated CPAs
The availability of CE-marked, sterile CPAs such as DMSO (Table 1 ) and appropriate vehicle solutions means that self-formulated cryoprotectant solutions can be prepared in-house. The use of self-formulated CPAs, the practice generally adopted in a research environment, while potentially advantageous during the optimisation phase of the cryoprotection regimen, allowing as it does for precise compositional knowledge, may nevertheless present problems downstream. Additional resources will be required in validating the preparation step and continued quality control and microbiological testing to assure sterility will be needed for each batch of prepared CPA. This may outweigh the cost of utilising commercially available alternatives.
Freezing
In the context of this paper, slow cooling may be defined as those cooling rates achievable with PCDs and some CRFs. The range for these non-LN 2 cooled devices is ≤2 ° C/min. LN 2 -cooled CRFs can attain cooling rates up to around 30 ° C/min which, again in the context of this paper, might be considered as an intermediate or rapid cooling rate.
Cooling an aqueous solution below its equilibrium freezing point will, at some point, induce water to form ice. Spontaneous ice nucleation is a stochastic event which can take two forms: homogeneous nucleation (occurring at temperatures below -35 ° C) and heterogenous nucleation (a surface-catalysed event occurring at temperatures between about -5 and -20 ° C). In practice, in cryopreserved system, nucleation is heterogeneous in nature [52] .
In cell suspensions, even when the cell concentration is considerably higher than those generally encountered during cell banking, nucleation will generally occur in the much larger extracellular compartment resulting in an osmotic gradient being imposed on the cells as ice forms and salts in the residual liquid phase are concentrated. Cells will respond to the osmotic disequilibria in one of two ways -either by water movement out of the cell or by intracellular nucleation of ice. The route to re-establishing osmotic equilibrium is dependent on a number of factors including water permeability of the cell membrane, the cell surface/volume ration, and the rate of change of temperature: sufficiently slowly and cells will re-equilibrate by shrinking; too rapidly and the cells will supercool and intracellular ice will form [18] .
Optimum Cooling Rate
The addition of a CPA to the system will predominantly protect cells, as freezing progresses, from damage associated with the increasing solute concentration of the residual liquid phase experienced over the temperature range of -10 to -40 ° C. Cooling at a rate that minimises exposure time over this range will improve cell survival. On the other hand, the probability of intracellular ice formation (IIF) is increased by increasing the cooling rate. Thus, the cooling rate that produces maximal survival is dependent not only on biophysical parameters specific to the cell type but also on the type and concentration of the CPA. An examination of survival curve versus cooling rate for a range of cell types will show not only that cell survival is a balance between the opposing forces of solute injury and IIF, but that an optimal cooling rate can be defined for any given cell type [15, 16] . Moreover, such optimal cooling rates will vary widely depending on cell type.
On the basis of such survival curves, slow cooling can be defined as any cooling rate under which the cell can respond to the rate of change in temperature by water efflux, while rapid cooling can be loosely defined as that where IIF predominates. This emphasises the contextual nature of the terms "slow" and "rapid" cooling.
Supercooling: An as Yet Uncontrolled Variable
Of all the events occurring during cryopreservation, supercooling is the least controlled [53] . Supercooling (or undercooling) is the temperature difference between the equilibrium melting point of the system and the temper- ature at which nucleation occurs. The degree of supercooling can be highly variable between samples cooled during the same cooling cycle with uncontrolled supercooling leading to sample-to-sample variation in postthaw cellular viability and function which may impact on regulatory requirements for process standardisation and consistency of outcomes. Nucleation, under conditions where a significant degree of supercooling has taken place, will lead to the rapid crystallisation of ice which may result in cellular damage from IIF. Moreover, the large release of latent heat will drive the system temperature back toward the equilibrium melting point and may lead to an extended isothermal plateau which, if externally applied cooling is continued, will lead to an increasing temperature differential between the sample and its surroundings. This will lead to rapid, non-optimal cooling of the system once the latent heat has been evolved. The institution of a programmed sub-zero hold in many CRF protocols is to allow for the release of this latent heat and prevent rapid, uncontrolled sample cooling.
Controlled ice nucleation has been shown to be beneficial in a large number of cell types including MSCs [54] and is used routinely in the field of in vitro fertilisation. However, its application within biobanking and the field of cellular therapies has been largely overlooked. This may well be because the methods for inducing nucleation in samples: "seeding" with ice, rapid temperature ramping, electro-freezing, pressure, vibration and ice nucleating agents are not only difficult to standardise or incorporate routinely into freezing equipment but may not be compatible with Good Manufacturing Practice (GMP) requirements.
GMP compliant ice-nucleating agents have been under development for some time. IceStart TM (www.asymptote.co.uk), a novel inert nucleating material originally available as beads, has recently been incorporated into a multi-well plate format for use in high-throughput screening. However, its compatibility with cGMP processes has not as yet been reported for any cellular therapy product.
Passive Cooling Devices versus CRFs
Devices for freezing cells fall into two types: PCDs and CRFs. Commercially available PCDs, in which the recommended conducting medium is isopropanol (Nalgene ® , Mr Frosty TM ) or a high-density insulating foam incorporating a heat sink device (CoolCell ® , www.biocision.com), have been designed to achieve cooling rates of approximately 1 ° C/min between about -10 and -40 ° C (Fig. 1A) . This is achieved by placing the container inside a -80 ° C refrigerator. Nucleation in these devices is uncontrolled and achieving cooling rates other than that intended for the device is not easily, or consistently, achievable. Though the CoolCell ® allows the freezing of both cryovials and cell therapy containers such as the Crystal Zenith vial, the Mr Frosty device is restricted to standard cryovials. However, both devices are limited in the quantity of cryovials that can be frozen in the device at any one time (6-12 vials/CoolCell ® and 18 vials/Mr Frosty). A larger capacity CoolCell ® , the FTS30, provides increased capacity but at the expense of a lower than advertised cooling rate, over the range -10 to -40 ° C (Fig. 1B) .
From a GMP perspective, low-cost, PCDs present some additional complications. Unless modified, they do not allow for temperature monitoring during the freezing process, nor do they provide a thermal profile for quality assurance purposes. Moreover, the cold source must also be validated to demonstrate ultra-low temperature uniformity and stability at the set temperature, while security during the cooling cycle must be assured to prevent thermal transients occurring due to unauthorised access to the -80 ° C refrigerator. A small dedicated, validated, temperature-monitored, under-bench -80 ° C freezer is often the best way to achieve the required level of control. The PCDs should also be validated to demonstrate compliance with the stated cooling rate.
The Mr Frosty in particular relies on close adherence to the instructions for use to achieve its specified cooling rate. Under conditions where ultra-low temperature freezer space is limited, adherence to these instructions may be difficult and stacking of containers is not unknown. However, this will lead to a significant lowering of the cooling rate (Fig. 1C) and should be avoided. Partial loading of the PCD should also be avoided as this is likely to cause an increase in the cooling rate of up to 30% (data not shown).
Automated CRFs fall into two main types: solenoid activated, LN 2 -fed systems (e.g., Kryo 560 series, www.planer.com; Cryomed series, www.thermofisher.com; 2101 series, www.custombiogenics.com) and Stirling cycle, LN 2 -free, heat-pump-driven systems (e.g., Viafreeze, www.asymptote.co.uk; Cryocell, www.strexcell.com). All these systems are programmable and capable of multistep cooling profiles and most allow freezing of a wide variety of vials and bags.
The LN 2 -fed systems are capable of controlled cooling at rates up to around 30 ° C/min, though faster rates are possible. In operation, they can attain an end-point temperature well below -100 ° C. They rely on vaporisation of LN 2 , in burst into the cooling chamber, which is then exhausted to the outside via an external port. This presents problems for use within a cleanroom from both particulates and microorganisms present in the nonsterile LN 2 . This may be overcome through porting the gas out of the cleanroom or transferring the cryovials to an adjacent area for freezing. However, the construction of the chamber often results in the collection of water condensate within it, which is not easily removed, and which may act as a potential source of microbial growth.
Where possible the primary container should be overwrapped before freezing to prevent potential contamination.
The Stirling cycle CRFs have the advantage that they can be used within a cleanroom environment and are available in configurations that cater for a range of cell bank sizes in a variety of formats. Moreover, unlike LN 2 - fed systems, which generally operate on a 30-to 50-L LN 2 supply, these electrically driven systems can maintain the desired end-point temperature indefinitely. They too can reach sub-zero temperatures of around -100 ° C. The mode of heat removal requires close contact between the cryovial/bag and the freezing plate and though these plates are user-changeable, they need to be machined to fit exactly the chosen cryovial/bag. A limitation of these systems is that cooling rates for the samples are restricted to approximately 2 ° C/min and below, so cell types with more rapid optimum cooling rates are not suited to these systems.
An alternative to the LN 2 and Stirling cycle engine CRFs is the Thermogenesis BioArchive ® system (www. cescatherapeutics.com). This is a combined, robotic CRF and LN 2 storage vessel used mainly for clinical cord blood banking. The device utilises small, closed-system bags held in metal cassettes which are cooled in the gas phase above the LN 2 storage medium. Control of cooling rate is via a computer-controlled fan which blows the ultra-cold gaseous nitrogen across the cassette. Once frozen, the cassettes are automatically lowered into storage slots and stored under LN 2 .
A recent novel CRF (Cells Alive System, ABI Corp., Japan) has been used to cryopreserve pluripotent stem cells [55] . This system incorporates an oscillating magnetic field and, although there is some discussion over the way in which the system improves cryopreservation outcomes [56] , a hypothesis has been recently advanced which suggests a mode of action [57] . In spite of these alternatives, the LN 2 -fed and Stirling cycle-driven CRFs remain the main choices for larger-scale cryopreservation of cellular therapies.
Storage and Transportation
With the exception of North America, where cryopreserved red blood cells for clinical use are stored at -80 ° C (though not without adverse changes to the red blood cell [58] ), it is generally accepted that storage at -80 ° C, and above, leads to progressive deterioration and loss of viability. In comparison to storage below -135 ° C, it has been shown to be inferior for long-term storage of both cells and tissues [59, 60] . Significant deterioration in viability has been noted in peripheral blood mononuclear cells after 14 months of storage at -80 ° C [61] and in PBSCs, where clonogenic capacity was lost over periods of as little as 5 months [62] . Recently, the use of Ficoll 70 in the cryoprotectant medium has been shown to extend the -80 ° C storage period in human pluripotent stem cells to at least 1 year [63] ).
Nevertheless, for the majority of cellular therapies, long-term storage with minimal deterioration of master and working cell banks, as well as the final product, will require storage well below the glass transition temperature (T g ) of the system in question. This is generally taken to be the T g of water (approximately -135 ° C) and is achieved routinely by storage in or above LN 2 . While storage under LN 2 provides a stable ultra-low temperature, contamination issues [64] and a well-documented case of hepatitis B transmission via LN 2 [65] have led to a change in custom, such that storage in the gas phase above LN 2 is now the accepted, and recommended, practice.
The argument against storage in the gas phase was based on the thermal instability encountered in olderstyle storage freezers; where temperatures of -100 ° C at the top of the inventory system were not uncommon. The use of a copper heat shunt or thermally conductive racking system are common methods of reducing these thermal gradients. Isothermal vessels, in which the LN 2 is held in an external jacket surrounding the storage compartment, can provide a stable ultra-low temperature provided that a continuous, on-demand supply of LN 2 is available to the freezer. More recently, a change in the design of LN 2 freezers has largely eliminated these thermal gradients, with stable below-lid temperatures of -180 ° C easily achievable (e.g., Chart MVE High Efficiency Series, www.chartindustries.com).
The cost and complexity of delivering an on-demand supply of LN 2 can be significant and the availability of reliable ultra-low temperature mechanical freezers capable of maintaining stable temperatures down to -150 ° C provides a feasible alternative to LN 2 storage. Studies on PBSCs have shown comparability, at least in the mediumterm (up to 5 years), between cells stored in a mechanical freezer and those stored in gas phase LN 2 [66] .
When choosing between LN 2 and mechanical refrigeration, consideration should be given to the additional cost required to remove waste heat produced by the mechanical freezers and the potential temperature transients experienced by the product during access to the freezer. Though the latter also occurs during access to LN 2 freezers, the lower storage temperature obtained in the LN 2 freezer provides some temperature "buffering" during access.
One area of low-temperature storage that has received little attention until recently is the thermal history of the stored product and in particular the thermal transients experienced during its storage lifetime. Thermal transients occur to the samples when racks and sample boxes are removed from the stable, low-temperature environment of the freezer for audit or pick-and-dispatch. The thermal transient experienced by any given sample will depend not only on the length of time that it is outside of its storage environment but also on the position of the sample in the sample container and the insulation given to it by surrounding samples (Fig. 2) . In addition, samples in surrounding racks will experience thermal transients as the now-warmed rack is returned to the freezer (data not shown). Thus, samples will experience multiple thermal transients over their lifetime as surrounding material is added to and withdrawn from the freezer.
The effect of thermal transients during storage has been the subject of a number of recent studies which imposed temperature fluctuations on frozen stored peripheral blood mononuclear cells [67] or placental MSCs [68] . In these studies, designed to mimic events in busy biorepositories, the cells were exposed to multiple temperature cycles between LN 2 gas phase temperatures and temperatures as high as -60 ° C. Reduced recovery and functionality was detectable, compared to stable gas phase storage, when the number of cycles was > 20 and/or the peak temperature was higher than -100 ° C. Similar effects of cycling over the glass transition temperature have been shown to affect tissues structure and performance as well [69] .
Devices, which limit thermal transients by maintaining the racks within a low temperature shroud during access, are becoming available for both cryovials and bags (e.g., Biostore TM III, www.brookeslifesciences.com). However, they are not currently capable of being retro-fitted to existing LN 2 storage freezers, nor do they protect any other cryovials held in the same cryobox during the picking process. Whilst such devices may offer some advantages, separation of master cell banks from stocks likely to see frequent activity should be considered to reduce or avoid thermal transients.
Disaster Recovery
Off-site, secondary storage of material for disaster recovery purposes is considered best practice and may be a regulatory requirement where material is prepared for clinical applications. The material will generally come from the master cell bank but earlier, precursor stocks may also be held for such purposes as well as archive material from prepared lots or batches. Many biobanks and biorepositories offer such facilities under licence from the respective regulatory authorities. Before choosing a facility, it should be assessed for compliance with regulatory requirements as part of the selection process. Documentary evidence that storage freezers have been validated prior to use should be available for review and freezers should be continuously temperature-monitored with temperature output provided regularly to the user under a service level agreement. The facility should operate under a robust quality management system with documented procedures for investigating and reporting adverse events to the end-user. Access to the facility and the storage freezers should be restricted and controlled.
Transportation
Sample integrity and temperature stability also need to be considered during transportation whether this be within the facility (to limit so-called air time between removal from storage and thawing) [70] or during shipping between sites. The options are mainly limited to dry ice and LN 2 , though portable cryocoolers utilising the same principle as the Stirling cycle CRFs are available (e.g., Stirling Shuttle TM , www.stirlingultracold.com).
For transportation at approximately -196 ° C (essential to prevent de-vitrification of meta-stable vitrified material), LN 2 dry shippers, in which the liquid is absorbed into an inert molecular-sieve material, are available, which will hold temperature for up to 14 days if fully charged. Coming in a variety of sizes, some are suitable for intralaboratory use (e.g., MVE Minimoover, www.chartindustries. com). Other systems, also utilising LN 2 , have been de- signed specifically for movement of samples around the laboratory (Cryopod TM , www.brookeslifesciences.com).
Transporting frozen cells on dry ice, in insulated boxes at -80 ° C, is perhaps the commonest method of transporting frozen cells. Unlike dry shippers, thermal transport boxes generally only maintain temperature for 24-48 h, depending on the quality of insulation and amount of dry ice used, though some boxes provide temperature stability out to 120 h (e.g., PharmaTherm dry ice range, www.intelsius.com).
As important as maintenance of a stable temperature is the ability to provide evidence of it, both to regulators and to the end-user. Many of the dry shippers are available with temperature-logging lids and small portable temperature loggers are available for use with both dry shippers and dry ice transport boxes. Chemical warning devices (e.g., Cryoguard TM thermal exposure indicators, www.cryoguard.com) can be used in conjunction with such data-logging systems to provide visual evidence to end-users that the product has maintained the desired temperature during shipment.
Whilst there is no expectation that thermal transport boxes will be returned by the recipient, this is not the case for expensive dry shippers. The non-return of a dry shipper, or its damage in transit will have a significant financial impact. Therefore, if the decision has been made to distribute material using dry shippers, consideration should be given to using third-party logistics companies which provide temperature-logged dry shipper packages (e.g., Cryoport Express ® , www.cryoport.com). This will help remove some of the logistic and administrative burden associated with shipping in dry shippers while also helping ensure compliance with complex national and international shipping regulations (for detailed information see Simione and Sharp [71] ).
Thawing and Elution of CPA
As with cooling rate, warming rate can have a significant impact on cellular recovery, with cells damaged through the use of inappropriate thawing and CPA elution protocols. Rapid rewarming is important. Not only does it reduce exposure time to damaging solute concentrations as ice melts during rewarming, but it also avoids potential damage caused by intracellular ice recrystallisation. Here, the rate necessary to avoid recrystallisation is at least an order of magnitude greater than the minimum cooling rate leading to significant IIF [13] . The warming rate is of particular importance when considering transfer of the cells from frozen storage to the area where they are to be thawed. Even short periods of air time, during which the cells are undergoing passive rewarming at a relatively slow rate, may induce cellular damage particularly from IIF.
The simplest and easiest method of achieving rapid warming has been the use of a 37 ° C water bath. From the laboratory, to cryopreserved tissue allografts in theatre and point-of-care thawing of haematopoietic stem cells at the bedside [72] , the almost universal use of this technology has led to most cryopreservation protocols being optimised against the back-drop of a warming rate achieved through its use. However, the use of such a method within a GMP environment raises issue of potential contamination and logistical problems in maintaining sterility. Moreover, the potential for thermal runaway once the system has melted, with the attendant danger of exposing cells to the CPA at elevated temperatures, is problematic.
The rewarming process itself is non-linear, with an initial rapid warming rate giving way to a much slower rate due to the large thermal input (the latent heat of fusion) required at the phase transition. The need to drive this process as rapidly as possible requires elevated thawing temperatures which must be balanced against the danger of thermal runaway. For this reason, standard practice is to agitate the sample during thawing to reduce thermal gradients and to remove it from the water bath, once visual inspection shows dissipation of the last remnants of the ice ball. Samples should be cold not warm at the end of thawing.
A number of strategies have been adopted to circumvent the use of a water bath. Typical warming rates produced by some of these alternatives are shown in Table 2 . Warming rates are shown over three ranges: from -150 to -80 ° C (i.e., over T g and ice recrystallisation), from -80 to -20 ° C (exposure to elevated solute concentrations), and from -20 to 0 ° C. Passive warming in air at the bench, or in a 37 ° C incubator, are unsuitable alternatives and are likely to lead to reduced viability [70] . Whilst replacing the water in a water bath with thermally conductive beads produces a more rapid rate of warming, it is not reliable due to temperature gradients through and across the bath (data not shown). The use of a CoolRack TM (www.biocision.com) made from thermally conductive material, which is pre-warmed and held within a 37 ° C incubator, provides warming rates similar to those provided by the Biocision ThawStar TM (www.asterobio.com), an automated, dry-thawing system designed to provide reproducible, rapid warming.
From a quality assurance perspective, automated systems that provide a standardised, reproducible warming rate and, in some cases, a temperature read-out of the thawing process for purposes of traceability, are preferred. In addition to the ThawStar TM which is available in a variety of vial formats, automated, data-logging systems are available from Cook Regentec (CellSeal ® , www. cookregentec.com) and promised by GE Healthcare (VIAThaw SC). Dry-thaw systems for bags have been common for some time in the blood bank sector and, in addition to the devices used there, automated thawing systems, similar to those for cryovials are available for frozen bags (VIAThaw CB1000, www.asymptote.co.uk; SmartThaw TM , www.cpsibiotech.com; ThawStar CB, www.astrobio. com). All can be used for point-of-care thawing of haematopoietic cells and other cells frozen in bags and have been shown to provide comparable post-thaw recovery to thawing in a water bath [73] .
Elution of CPA
Once thawed, the cells will again be exposed to the CPA with the attendant danger of chemical toxicity if held at too high a temperature. This can be mitigated by reducing the temperature (i.e., maintain cells at around 4 ° C), using a lower CPA concentration during freezing (subject to it providing optimal cryoprotection) or eluting it from the system. The danger of over-warming may be more significant where commercially based CPAs utilising "intracellular-type" vehicle solutions are concerned. These are formulated for hypothermic support and cells may be more sensitive to these solutions under post-thaw normothermic culture conditions.
As already discussed, elution of the CPA, if carried out inappropriately, can lead to osmotic shock and loss of viability as cell swell and are ruptured. Single-step elution protocols, such as centrifugation and immediate resuspension in CPA-free medium, should be investigated for their effect on post-thaw viability and consideration should be given to step-wise protocols or the use of "osmotic buffers" (e.g., sucrose, mannitol) to reduce cell swelling during CPA removal.
Automated systems for GMP washing have been described [74] . However, these systems, based on continuous centrifugation or tangential flow filtration, are only suited to concentrating cells from large volumes upstream of the cryopreservation process. Automated washing system for removal of CPA and cellular debris have been described recently [75] but are not yet commercially available (www.closedcellsystems.com).
Use of Additives
In addition to the incorporation of materials into the CPA to control ice formation, compounds can be added either to the CPA or the post-thaw culture medium to control cryopreservation-induced, delayed-onset cell death through a strategy of targeted apoptotic control [18, 50] . Such compounds include free radical scavengers, ion chelators, and protease inhibitors as well as both caspase inhibitors and Rho-kinase (ROCK) inhibitors which target the apoptotic cascade. Many of these have been shown to reduce cryopreservation-induced apoptosis in PSCs [18] and at least one of these, the ROCK inhibitor Pinacidil, is an FDA-approved compound [76] .
Assessment of Viability
Integral to optimising the cryopreservation process is the application of a reliable and representative set of viability and functional assays which accurately assess the a Specially adapted cryovials housing thin wire thermocouples and containing 1 mL of CPA were frozen and stored in a charged dry shipper at -193° C for 24 h before thawing under one of the above thawing conditions. Temperature was recorded every 500 ms. Mean warming rate (WR) was based on 4 technical replicates per experiment and a minimum of three experiments per device. Samples thawed in the Biocision ThawSTAR TM were thawed from both dry shipper and dry ice temperatures according to the manufacturer's instructions. The Biocision CoolRack TM was prewarmed overnight before use and its temperature and that of the 37° C incubator measured between cryovial warming runs to ensure that temperature remained constant. Note similarity in WR for bench and incubator thawed samples which is related to the poor heat transfer properties of air. More rapid conductive rewarming in the Biocision CoolRack state of the cell post-thaw. The timing in application of these assays post-thaw is now seen as crucial, if reliable evaluation of the parameters governing the cryopreservation process is to be achieved. Moreover, the choice of assays should reflect the functional outcomes expected of the cell or cellular therapy and the potential for selection of subpopulations through genomic and epigenetic changes in the surviving cell population [63, 77] .
Baust et al. [70] have argued for a four-tiered approach to the assessment of viability which encompasses assessment of membrane integrity, molecular (apoptotic/necrotic) mechanisms, functionality (applicable where possible to functions that represent the intended use of the cells) and "biochemical mechanisms" (encompassing genomic, epigenetic and proteomic assays). This tiered approach fits well with the regulatory requirement to demonstrate identity, purity, and stability of cell therapy products [25] .
As well as the choice of assay, the time of application is also crucial in providing an accurate picture of postthaw viability. Assessment immediately post-thaw is likely to overestimate cell recovery as a substantial degree of cell death will occur 24-48 h post-thaw. This delayedonset cell death, a manifestation of apoptotic and necrotic processes, will be missed if viability is assessed immediately post-thaw or after several passages in culture.
The "health" of cells going into the cryopreservation process will affect the post-thaw outcome. Cells stressed by suboptimal culture conditions prior to cryopreservation have been shown to have impaired viability and function post-thaw compared to non-stressed cells [70] . Whilst it is common to use a simple assay such as trypan blue prior to cryopreservation, this alone may not provide sufficient information on the "quality" of the cells, especially in the case of PSCs, where the retention of self-renewal and differentiation capacity are essential. This argues for the application of the tiered approach, or at least a simplified version of it, to cells pre-cryopreservation as well as post-thaw.
An understanding of the assay and the context into which the assay is being applied is also important. Simple assays, such as the membrane integrity assay trypan blue, may under or overestimate viability depending on the fluidity of the membrane post-thaw, the cell type and the length of exposure to the dye. The use of Alamar Blue, a popular non-toxic redox indicator for assaying cellular metabolism (and thus cell survival) can give false results in the presence of reduced glutathione (a component of some hypothermic storage solutions) [78] .
Conclusions
The manufacture and delivery of cellular therapy products will invariably require cryopreservation and frozen storage of cellular starting materials, intermediates and/or final product. Optimisation of culture conditions to provide maximum yield and a consistent end-product is seen as a necessary part of process development and validation, yet often the cryopreservation process remains largely ignored and suboptimal post-thaw viability tolerated, due to the capacity of the remaining viable cells to expand. However, suboptimal cryopreservation not only reduces cell viability but can also lead to batch-tobatch variability and potentially to genetic and epigenetic changes that may compromise the production process, while adverse storage conditions may reduce the effectiveness of the end-product.
Optimisation of the cryopreservation process is thus as essential as optimising culture conditions and attention to all elements in the cold chain is necessary to maintain cell viability and functionality. The need for cellular therapies to meet regulatory requirements means that much of the materials and equipment designed for laboratory use will need to be re-assessed for its fitness-for-purpose. Equipment will require formal validation, while CPAs, other excipients, and consumables will need to be risk assessed for their suitability for use in a therapeutic context. Cryopreservation protocols will need to be designed with both regulatory and end-user needs in mind rather than retrospectively engineered from laboratory protocols unsuited to the final therapeutic application. Developments in container technology, coupled with commercially available GMP-compliant CPAs, new and adapted technologies for freezing and thawing, together with improvements in low-temperature storage and distribution now provide a platform on which optimised cryopreservation protocols can contribute effectively to the future development of cellular therapies.
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